Coliphages are microbial indicators specified in the Ground Water Rule that can be used to monitor for potential fecal contamination of drinking water. The Total Coliform Rule specifies coliform and Escherichia coli indicators for municipal water quality testing; thus, coliphage indicator use is less common and advances in detection methodology are less frequent. Coliphages are viral structures and, compared to bacterial indicators, are more resistant to disinfection and diffuse further distances from pollution sources. Therefore, coliphage presence may serve as a better predictor of groundwater quality. This study describes Fast Phage, a 16-to 24-h presence/absence modification of U.S. Environmental Protection Agency (EPA) Method 1601 for detection of coliphages in 100 ml water. The objective of the study is to demonstrate that the somatic and male-specific coliphage modifications provide results equivalent to those of Method 1601. Five laboratories compared the modifications, featuring same-day fluorescencebased prediction, to Method 1601 by using the performance-based measurement system (PBMS) criterion. This requires a minimum 50% positive response in 10 replicates of 100-ml water samples at coliphage contamination levels of 1.3 to 1.5 PFU/100 ml. The laboratories showed that Fast Phage meets PBMS criteria with 83.5 to 92.1% correlation of the same-day rapid fluorescence-based prediction with the next-day result. Somatic coliphage PBMS data are compared to manufacturer development data that followed the EPA alternative test protocol (ATP) validation approach. Statistical analysis of the data sets indicates that PBMS utilizes fewer samples than does the ATP approach but with similar conclusions. Results support testing the coliphage modifications by using an EPA-approved national PBMS approach with collaboratively shared samples.
Ensuring the microbial quality of drinking water, watersheds, processes, and water distribution systems is an important public health control measure designed to prevent the spread of communicable disease (6, 13, 22, 30) . Water municipalities that supply drinking water in the United States must comply with the Total Coliform Rule (TCR), which mandates testing for total coliform and Escherichia coli contamination to monitor for potential human pathogens (28) . Fecal contamination encompasses both bacterial and viral pathogens. The use of the bacterial indicators does not detect or predict viral contaminants; thus, reliance on bacterial indicators alone is inadequate to predict viral contamination (1) . Over 50% of waterborne illnesses since 1980 have been caused by viral contamination of source water (23) . As a result, coliphages, viruses that infect bacteria of the coliform group, were added as another fecal indicator in the 2006 Ground Water Rule (GWR) to allow direct measurement of a viral surrogate (8) .
The GWR is intended for prequalification of groundwater quality in supplies intended for general municipal use. Once qualified, the municipality must comply with the TCR annually, and if ground-sourced waters incur a TCR violation, the municipality must comply with GWR for reinstatement. Regulatory public health authorities are now given a choice of water quality indicators, E. coli, coliphages, or enterococci, when deciding which indicator microorganism to use to test GWR compliance. In GWR comments, the National Drinking Water Advisory Council recommended that both bacterial and viral indicators be included in a water safety testing protocol, as each indicator predicts the likelihood of contamination with a specific group of microorganisms and gives a more complete picture of the groundwater quality. In the final promulgated GWR, testing for both bacterial and viral indicators was not considered economically feasible due to the additional expense of coliphage testing methods (26) . Current coliphage detection methods are costly and laborious. They require 2 to 3 days for time-to-result, and there are few laboratories certified to perform coliphage detection (24, 25) . There is a need for easier methodologies to attract public health officials to select viral indicator tests to comply with GWR and to complement existing bacterial indicator tests.
Coliphages are classified as somatic or male specific. The somatic coliphages are DNA viruses that infect E. coli cell walls. Male-specific coliphages are either DNA or RNA viruses that infect through fertility (F) pili of Enterobacteriaceae bacteria. The host specified in U.S. Environmental Protection Agency (EPA) Methods 1601 and 1602 for somatic coliphages is nalidixic acid-resistant E. coli CN-13. The host bacterium specific for male-specific coliphages in the EPA methods is ampicillin/streptomycin-resistant E. coli F amp , and the host specified in European Union (EU) standard methods is Salmonella WG 49 (7, 29) . Simple and rapid methods for coliphage detection have been reported with preliminary detection in a single working day (11, 12, 14, 20) . Qualitative detection methods, including EPA Method 1601, are multiple-step procedures that involve coliphage replication in exponential-growth-phase cells of the host E. coli (enrichment step) followed by a spotting on seeded agar for plaque confirmation. The goals of this study were to simplify, shorten, and reduce the cost of EPA Method 1601; to determine the predictive value of a same-day fluorescencebased assay result in comparison with conventional plaque detection; and to demonstrate that laboratories could meet EPA Method 1601 performance-based measurement system (PBMS) acceptance criteria by using the modified method with their internal water samples and spiking materials.
EPA Method 1601 is a performance-based measurement where acceptance criteria for method performance were developed in collaborative testing and published as part of the method (21) . PBMSs were adopted by the EPA to facilitate adoption of method improvements when defined acceptance criteria are met in demonstrated intralaboratory (tier 1) and interlaboratory (tier 2) studies (2, 9) . Tier 2 is a national approval of modifications and requires EPA participation and review of a collaborative laboratory protocol before commencement. This work was performed to test if an EPA Method 1601 modification called Fast Phage meets defined PBMS criteria in tier 1 validations. Laboratory participants followed PBMS guideline 14.2.1 in Method 1601 using their own laboratory and groundwater and wastewater sources (4) .
Fast Phage incorporates ease-of-use, time, and cost-saving improvements into EPA Method 1601, including convenient, shelf-stable, ready-to-use reagents in a simplified format (18) . The same-day coliphage detection method utilizes an enrichment medium containing isopropyl-␤-D-1-thiogalactopyranoside (IPTG) to induce transcription of the host E. coli lac operon. Coliphage lysis has been shown to be coupled with lac operon expression; thus, there are a large amplification and a rapid extracellular beta-galactosidase enzyme release during coliphage-induced lysis of the infected host in comparison to the uninfected exponentially growing host (11) . A transfer aliquot of the amplified primary enrichment material into a secondary enrichment/detection medium containing the enzyme substrate 4-methylumbelliferyl-␤-D-galactoside (MUG-Gal) will fluoresce under 366-nm UV light when the MUG-Gal is cleaved by the extracellular beta-galactosidase to liberate the fluorescent component MUG and indicate the presence of coliphages. Detectable enzyme is released extracellularly into the medium throughout the prescribed incubation period and during the coliphage-induced lytic cycle. Fluorescence can occur in as little as 45 min to 1 h depending on the growth phase of the bacteria and induction of the lytic properties of the phage (15, 17) . The fluorescence step of Fast Phage provides a same-day prediction of the modified Method 1601 plaque assay endpoint measured the next morning.
The EPA oversees and approves microbiological methods for drinking water. The alternative test procedure (ATP) has been used for 20 years to validate new E. coli and total coliform detection methods in comparison to reference methods (5, 27) . The procedure for qualitative tests involves direct testing of 20 split samples by reference method, at a 50% positive level, compared to testing of the 20 split samples by the proposed method. If the proposed method demonstrates substantial equivalence, the method may be promulgated as a new method. This approach, including promulgation, can take several years, and so a fast-track version that can eliminate the promulgation step when the alternative method has the same endpoint as the reference method was adopted. Currently, there is no ATPequivalent protocol for coliphage detection methods. As a development exercise, the ATP validation approach is useful to check the robustness of method modifications.
This work was performed to facilitate EPA PBMS tier 2 protocol review and acceptance of modifications to EPA Method 1601. Tier 2 evaluation involves sharing split samples between the participating laboratories, while in this tier 1 evaluation internal laboratory-supplied samples were tested under similar proposed spiking protocols to demonstrate initial laboratory competency.
The somatic coliphage data generated by the two evaluation approaches, ATP and PBMS tier 1 study, are evaluated statistically to determine the significance of any differences observed between Fast Phage modification and EPA Method 1601.
MATERIALS AND METHODS
Presence-absence method for coliphage detection. EPA Method 1601 was performed as described previously (25) . The Fast Phage (Charm Sciences, Inc., Lawrence, MA) modifications to EPA Method 1601 are summarized in Table 1 . STEP-1 and STEP-2 media are Luria-Bertani (LB Lennox) broth-based media containing an antibiotic to which the host E. coli strain is resistant. Included is an additional proprietary formulation to promote faster host growth and coliphage amplification than those with tryptic soy broth (TSB) used in EPA Method 1601. The fluorescent substrate in STEP-2 is MUG-Gal. Host E. coli strains are CN-13 (ATCC 700609) and F amp (ATCC 700891) cultured to log phase, freeze-dried, and formed into a shelf-stable ready-to-use reagent tablet containing 10 7 to 10 9 viable CFU/tablet. The modified method spot agar plates use a 1.5% tryptic soy agar (TSA) formulation of Method 1601 containing antibiotic and seeded with host culture grown to log phase conveniently from a reagent tablet for 4 to 5 h in TSB containing antibiotic.
Fast Phage modification. Table 1 contains information on the Fast Phage modification. STEP-1 enrichment medium is packaged in a dissolvable pouch and is added to a 100-ml water sample and rehydrated for 10 min at room temperature. An E. coli host tablet is added after medium dissolution. The mixture is warmed in a 38°C Ϯ 1°C water bath for 0.5 h, followed by 4.5 h of air incubation at 39°C Ϯ 1°C. After these 5 h of incubation, a 10-l aliquot is spotted with a loop on a host E. coli-seeded agar plate and incubated overnight for plaque confirmation. The same-day fluorescence-based prediction of the agar spot plate result is performed by transferring an aliquot of the STEP-1 enrichment culture (10 ml for somatic coliphage or 1 ml for F ϩ coliphage) into 100 ml of predissolved STEP-2 medium. The STEP-2 medium enrichment is incubated for an additional 3 h (0.5 h in a 38°C Ϯ 1°C water bath followed by 2.5 h of 39°C Ϯ 1°C air incubation for the somatic test or 1 h in a 38°C Ϯ 1°C water bath followed by 2 h at 39°C for the F ϩ test). Fluorescence observed under 366-nm UV light is visible within 1 to 3 h. Positive fluorescence in samples is interpreted as coliphage presence, and nonfluorescence at 3 h is interpreted as coliphage absence (Ͻ1/100 ml).
PBMS validation approach. Filtered (PALL-Acrodisc 0.45-m HT Tuffryn low-protein-binding filter) nonchlorinated primary wastewater collected by each testing laboratory was quantified for coliphage content using the double-layer agar (DLA) technique, as described in EPA Method 1601. This is according to the exact protocol that was used to prepare and share samples in the Method 1601 collaborative study (21; Greg Lovelace, personal communication). Laboratory-grade water and groundwater (1.1-liter volumes of each) supplied by each laboratory were artificially contaminated with wastewater-derived coliphages to obtain 1.5 somatic PFU/100 ml or 1.3 male-specific (F ϩ ) PFU/100 ml. Ten replicate 100-ml samples were tested along with a negative control (uncontaminated water source) and a positive control. The positive control was made by adding 1 ml of rehydrated X174 or MS2 (ATCC 13707-B1 or 15597-B1) coliphage supplied with the somatic or F ϩ Fast Phage modification. In addition to the STEP-1 plaque determination (modification of EPA Method 1601), the laboratories also performed an overnight plaque determination at the end of the fluorescence-based prediction step and reported it as STEP-2 plaque.
ATP validation approach. The ATP validation approach, studying somatic coliphages only, was completed in the method developer's laboratory with reagent-grade and multiple groundwater sources and with nonchlorinated secondary wastewater effluents collected from geographically different regions of the United States. Secondary wastewater effluent was filtered as previously described and used to contaminate 5-liter volumes of laboratory-grade water or groundwater at 0.5 PFU/100 ml as determined by the coliphage enumeration double agar layer (DAL) method specified in section 11 of EPA Method 1601. For the ATP comparison study, 40 replicate 100-ml samples were split into two groups of 20 each and tested by Method 1601 and by Fast Phage modification with rapid fluorescence-based prediction. Negative-and positive-control assays were performed as in the PBMS approach. Some of the secondary wastewater effluents were disinfected with chlorine prior to testing. A 4-liter test water volume was spiked with a 1-liter wastewater effluent volume to achieve 4-to 5-log levels of total coliforms per 100 ml. The water was mixed with a stir bar and disinfected with 2 ppm total chlorine and 0.5 ppm free chlorine for 20 min, resulting in a 3to 4-log 10 coliform reduction per 100 ml. The chlorine was neutralized with 100 mg sodium thiosulfate/liter. Reduction of coliphage titer was measured at 0.5 to 1 log. The disinfected water was subsequently diluted with test water to achieve the target 0.5-PFU/100-ml level prior to testing. For determination of method specificity, all positive and negative Fast Phage agar spots were excised with a Pasteur pipette and resuspended in 0.5 ml TSB, mixed by vortexing, and respotted as the reference method on EPA Method 1601 confirmation plates. The remainder of the resuspension was filtered to remove host bacteria and spotted as the referee method on EPA Method 1601 agar plates with a layer of host E. coli bacteria.
Statistical methods. Modified method fluorescence-based prediction results are compared to next-day STEP-1 or next-day STEP-2 results by using 4-fold tables (3) . Agreeing results are scored as true positive and true negative, while positives (fluorescence or plaque) with no plaque in the reference method are scored as false positive, and negatives (no fluorescence or no plaque) with plaque formation in the reference method are scored as false negative. Chi-square and Cohen kappa statistics are determined as a measure of the agreement of the two procedures. Binomial data differences may also be analyzed for significance by using power analysis (16, 19) . For any binomial data, equation 1, which is the equation for a power analysis based on binomial data, is solved for the differences that are detectable as related to sample size, percent positivity, and number of samples. This equation can also be solved to determine the number of samples required to detect differences that are observed or anticipated. The differences that are detectable for a particular variability and sample size were calculated as
where ␦ ϭ p 1 Ϫ p 2 is the difference between two percentages, Z ␣ ϩ Z ␤ is the factor determined by the values of ␣ and ␤, p 1 is percent positive (as a decimal) for site 1 or time 1, q 1 is percent negative (as a decimal) for site 1 or time 1, p 2 is percent positive (as a decimal) for site 2 or time 2, q 2 is percent negative (as a decimal) for site 2 or time 2, and n is number of samples collected at each site and/or time.
RESULTS

Somatic PBMS approach.
Results of the somatic method modification according to the EPA Method 1601 PBMS protocol are shown in Table 2 . All five testing laboratories reported the appropriate negative-and positive-control data not Male-specific (F ؉ ) PBMS approach. Table 3 reports results of Fast Phage male-specific coliphage modification tested by five laboratories according to the PBMS protocol. Data reported have proper negative-and positive-control data not shown. Fast Phage modifications successfully met EPA tier 1 performance criteria by detecting at least 50% STEP-1 plaquepositive samples in reagent and ground spiked samples when they were spiked at the specified 1.3-PFU/100-ml level. Data are shown in one instance where lower-than-specified levels yielded more than 50% plaque results with false-negative fluorescence. Lab 2, in one testing instance with a 1.5-PFU/ 100-ml spike, reached the specified number of positives with groundwater but not with reagent water. A repeat run at a lower spike level of 1.2 PFU/100 ml yielded 50% positive results in reagent water and 90% positive results in groundwater. Both results suggest a possible coliphage clumping effect in the reagent water. Clumping has been observed with other virus dilution steps (10) .
Fluorescence-positive somatic prediction. The fluorescencebased prediction method, STEP-2, provides a same-day result when the sample is set up for testing. There is no equivalent step in EPA Method 1601, but the procedure may have value as an early warning/alarm of water contamination. The results of the Fast Phage fluorescence-based prediction in the PBMS evaluations were correlated with the STEP-1 plaques in 4-fold table comparison. Table 4 presents the somatic coliphage STEP-1 plaque result correlation, and Table 5 presents the male-specific STEP-1 plaque result correlation. The somatic same-day fluorescence-based prediction is 92.1% predictive of STEP-1 plaque formation with a 1.7% false-negative rate and a 36% false-positive rate. The target spike level causes predominantly positive results with a small number of negative samples. The small number of negatives causes the false-positive rate to be overstated, and a better assessment of error is the combined negative and positive misclassification rate of 7.9%. Proof that false positives are overestimated is found with the plaque tests performed from the fluorescing STEP-2 media (STEP-2 plaque). Table 2 shows that 8 of 9 false-positive fluorescence-based results reported in Table 4 were true coliphage positives compared to STEP-2 plaque, indicating that the fluorescence-based false-positive rate may be as low as 1 in 25, or 4%. Positive fluorescence-based correlation with positive plaques from STEP-2 is greater than 98%. The Cohen kappa statistic is 0.699, indicating substantial agreement between the coliphage plaque and fluorescence-based prediction results.
Fluorescence-positive male-specific coliphage prediction. The male-specific fluorescence-based prediction is 83.6% predictive of STEP-1 plaque formation with a 14.7% false-negative rate and a 23.5% false-positive rate ( Table 5 ). Because of the Table 3 , which shows that 7 of the 8 false-positive fluorescence results reported in Table 5 were true coliphage positives compared to STEP-2 plaque. This indicates that the false-positive rate may be as low 1 in 34, or 3%. Positive fluorescence correlation with positive plaques from STEP-2 is greater than 98%. The Cohen kappa statistic of 0.539 indicates moderate agreement between coliphage plaque and fluorescence-based prediction results. Somatic coliphage ATP approach: comparability. Somatic coliphage comparative data for comparison with Method 1601 according to the ATP validation approach are presented in Table 6 . Control data are proper with these test cycles but not shown. These data were generated as manufacturer method validation by using a variety of wastewater spikes and different groundwater sources and include water that went through disinfection. Of the six testing cycles, totaling 120 test results for each method, EPA Method 1601 had 55.8% positive results and the Fast Phage modification STEP-1 plaque had 47.5% positive results. Chi-square analysis of the six water samples using Method 1601 as an expected result and modification as observed results indicates that the two testing populations are equivalent, not significantly different, with a P value of 0.33. A power analysis was applied (see Table 8 ) to additionally analyze if observed differences were significant. The only sample that is statistically significant is L 06-26-08 and only for the difference between EPA Method 1601 and the fluorescencebased prediction. All other sample differences are not significant. Projecting the number of samples required to achieve significance by the ATP approach indicates that sample testing requirements could become impractically large. The fluorescence-based prediction in the ATP study samples had a 90% correlation with Fast Phage STEP-1 plaque with a 7.9% falsepositive rate and a 12.3% false-negative rate. One disinfected water sample had 6 of the 7 observed false-negative fluorescence-based results. The Cohen kappa value of 0.799 indicates substantial agreement between coliphage plaque and fluorescence-based prediction results.
Somatic coliphage ATP approach: specificity. The Fast Phage modification STEP-1 plaque result is the endpoint equivalent to EPA Method 1601. The ATP approach calls for a specificity study where the alternative method endpoint result is tested again with the reference method and again using a third referee method. Table 7 summarizes results where the Fast Phage STEP-1 spot results of the comparability study are cut out, resolubilized, and then respotted onto EPA Method 1601 plates. For a referee method, the resolubilized material was filtered and then spotted. This referee method is consistent with procedures in section 12 of Method 1601 to determine questionable samples containing coliphages (25) . The Fast Phage method STEP-1 plaque compared to the reference method had a 90% agreement with a 2.1% false-negative error rate and a 15.7% false-positive error rate with a Cohen kappa statistic of 0.798, indicating substantial agreement between Method 1601 and the modification. The Fast Phage method compared to the referee method had a 92.5% agreement with a 2.0% false-negative error rate and an 11.4% false-positive error rate and a Cohen kappa statistic of 0.849, indicating very close agreement. These results can be compared directly with the reference method agreement with the referee method, which had an overall 90.8% agreement with a 12.0% falsenegative error rate, a 7.1% false-positive error rate, and a Cohen kappa statistic of 0.811.
DISCUSSION
The coliphage modifications examined in this study are novel and important method simplifications/conveniences that reduce the preparation, labor cost, and time required to per- TN  TP  FN  FP  TN  TP  FN  FP  TN  TP  FN  FP   M 0-15-08  5  15  4  10  1  5  4  12  1  3  6  10  3  1  L 09-09-08  10  10  10  8  0  2  10  8  0  2  11  7  1  1  SA12-18-08  14  6  14  3  0  3  14  4  0  2  15  2  2  1  L 06-26-08  7  13  7  13  0  0  7  13  0  0  7  13  0  0  O 123008  11  9  11  8  0  1  11  8  0  1  10  8  0  2  O 010209  16  4  16  4  0  0  16  4  0  0  16  4  0  0   Sum  63  57  62  46  1  11  62  49  1  8  65  44  6 form a coliphage assay. The ability to reliably detect levels of 1.3 to 1.5 PFU/100 ml in less than 8 h or within 1 working day shift provides better public health protection than do assays that require 24 to 48 h. This speed and sensitivity have not yet been achieved with conventional microbiology methods approved for drinking water quality. Other researchers have shown that accelerated amplification with subsequent coliphage detection techniques can meet detection criteria in a single working day (11, 12, 14, 20) . The Fast Phage modifications work within the framework of EPA Method 1601 while incorporating the use of betagalactosidase as an 8-h coliphage prediction method. Laboratories were able to show that both somatic and malespecific Fast Phage modifications successfully meet Initial Demonstration Capability (IDC) as defined in section 9.3 of EPA Method 1601 by detecting at least 50% STEP-1 plaquepositive samples with waste-spiked reagent water (25) . Similarly the laboratories met expanded matrix spike (MS) criteria defined in section 9.8 of EPA Method 1601 by detecting at least 50% positive (somatic) and 40% positive (male-specific) samples with waste-spiked groundwater (25) . These are the defining criteria for meeting internal laboratory validation defined in section 14.1.1 as tier 1 validation and as determined by collaborative study of Method 1601 (21) . The result of this study is that 5 laboratories demonstrated that the Fast Phage modification meets tier 1 criteria for both somatic and malespecific coliphages.
The next step in approving method modifications for laboratory use under the PBMS protocol is called a tier 2 study. A tier 2 study is a national validation study that would share a single sample with four collaborative laboratories according to criterion objectives similar to those followed in this study. If 3 of 4 laboratories meet the performance criteria, the modified method could be nationally approved and included as acceptable in the prologue of EPA Method 1601. The EPA must first review and accept the testing protocol (2, 9) .
The alternative test procedure has been used for microbiological method approvals that can be used in compliance with the TCR. Therefore, there is interest in applying these familiar validation approaches to coliphage methods. There is no EPAapproved ATP protocol for coliphages, and so the experiments and protocols in this study followed designs similar to those of coliform and E. coli ATP method validations (5) . Since there was no formal EPA approval of the ATP design in this study, and due to the extensive work involved, only somatic coliphages were evaluated in this study by using this ATP comparative approach. In the somatic coliphage comparison study, the modified method detected 57 positive of 120 samples while the reference method detected 67 positive of 120 samples. The fluorescence-based prediction method detected 55 positive of 120 samples. While there appears to be a low recovery bias, statistical analysis of data does not show a significant difference between the modified method results and the reference method results. Furthermore, the number of samples required to determine if the observed differences are significant, as projected by power analysis (Table 8) , is impractically large.
The second aspect of an ATP evaluation is the specificity of the alternative method result relative to the reference and referee (gold standard) test. Data comparing somatic Fast Phage plaque recultured onto EPA Method 1601 plates indicate substantial equivalence between the two protocols. There is a low (2%) false-negative error rate compared to either the reference method or the referee method. A false-positive error rate of 15.7% compared to the somatic reference method and a rate of 11.4% compared to the somatic referee method are due to the lack of agreement between the reference and the referee methods, which show a 12.1% false-negative error rate and a 7.1% false-positive error rate between two reference procedures. In this study the modified assay had a population fit, with a kappa value of 0.849, with the reference method that was higher than the reference method fit to the referee method, with a kappa value of 0.811. All these analyses support the idea that the somatic Fast Phage modification is at least equivalent to the reference method with overall 90% or better correlation with the referee and reference methods.
The fluorescence-based positive prediction has value as a positive early warning that could alert users to a positive result in less than 8 h from starting the assay. This early warning has important implications in remediation testing and rapid response to fecal contamination triggered by events such as flooding, distribution main breaks, weather, or other natural disasters. The fluorescence-based indicator is 98% predictive of STEP-2 plaque recovered from fluorescence-based tests. The fluorescence-based prediction has between 83.5 and 92.1% overall agreement with the STEP-1 plaque shown to meet EPA PBMS criteria. ATP on February 25, 2013 by guest http://aem.asm.org/ somatic data are also consistent with the somatic PBMS data, showing a 90% correlation with STEP-1 plaque formation. All data indicate a high probability of coliphage presence and plaque confirmation when fluorescence is observed. Fluorescence-negative results as a prediction of coliphage absence were less predictive than were the positive results, particularly with male-specific coliphages in the PBMS study. Several water samples had test results with a negative fluorescence result but with subsequent plaques observed on the confirmation plates. Laboratory 2 tested a water sample with a low spike of coliphages that produced some false-negative fluorescence in groundwater. Laboratory 1 also observed some falsenegative fluorescence with male-specific coliphages in one test of groundwater spiking. These account for the 16.4% misclassification rate of the fluorescence-based prediction observed in male-specific PBMS data. Somatic coliphage ATP data sample L 06-26-08, which was chlorine disinfected after spiking, also had several split samples with no fluorescence but with observed plaques. Based on these multiple false-negative fluorescence-based observations, it is prudent to wait for endpoint plaque confirmation of the predicted fluorescence-negative result. Fluorescence absence may be less predictive of coliphage absence because coliphages under certain growth conditions may be slower to divide, may produce fewer progeny, or may be more difficult to induce into lytic cycles from their lysogenic states.
The results of the somatic coliphage method validation approach comparison indicate that a PBMS approach is most practical. The coliphage modification Fast Phage meets the published acceptance EPA Method 1601 criteria when tested in five different laboratories. Both the tier 1 PBMS data for somatic and male-specific coliphages and the ATP data for somatic coliphages support the idea that the Fast Phage method is a coliphage method equivalent to EPA Method 1601. The 8-h fluorescence-based predictor of the modified method is highly predictive of positive results and can provide users with a very early warning of fecal contamination. These data should be used as justification to help finalize design of EPA validation protocols so that the modified method could be nationally validated to be equivalent to Method 1601 and so that it could be used to comply with the GWR. Selection of coliphage as the indicator of choice to comply with GWR regulations or to complement bacterial indicators is more likely with the convenient and ready-to-use reagents offered by the modified method. Because viruses can survive and persist longer in groundwater than can bacteria, testing for coliphages provides an additional measure of water quality and further protects public health. This modified method will allow utilities to easily use two analytical methods-one viral and one bacterial-in assessing water quality to comply with the Ground Water Rule.
